Introduction
Alpha-1 antitrypsin deficiency (AATD) is a rare hereditary disorder that is characterized by reduced levels of circulating α-1 antitrypsin (AAT). AATD has two distinct manifestations: AATD lung disease and AATD liver disease. [1] [2] [3] [4] Since its discovery about 50 y ago, 5 significant progress has been made in understanding the genetic, molecular, and biochemical characteristics of the disease. AAT is a serum protease inhibitor that belongs to the serpin family. One of the main substrates of AAT is neutrophil elastase (NE). In AATD patients who have reduced AAT levels, NE becomes overactive, leading to the destruction of lung connective tissue and eventually emphysema. Therefore, AATD lung patients are treated by intravenous infusion of plasma-derived AAT. 6 AATD lung disease represents a success story in which the discovery of the genetic cause of a rare disease led to development of a treatment.
AAT is predominantly produced by hepatocytes and secreted into blood; but low levels of AAT expression are also detected in the lung and in the gut. AATD liver disease is caused by the aggregation and retention of mutant AAT protein in the liver. Although more than 100 AAT mutations have been identified, Glu342Lys mutation (known as Z mutation) is observed most frequently in the clinic. It is estimated that over 90% of clinical cases are patients homozygous for Z mutation (known as PiZZ patients). The Z mutation changes the conformation of AAT and makes it prone to aggregation. AAT protein aggregates are retained in endoplasmic reticulum (ER), leading to ER stress, liver injury, and eventually fibrosis and hepatocellular carcinoma (HCC) in some PiZZ patients. Currently liver transplantation is the only available treatment for AATD liver disease. 2, [7] [8] [9] [10] Animal models are critical tools in research and in the development of novel therapies, especially in the rare disease arena. In the case of AATD liver disease, multiple transgenic models have been described. [11] [12] [13] [14] Among these models, PiZ mice contain a human genomic AAT transgene with the Z mutation, driven by its endogenous promoter. PiZ transgene expression mimics its expression in humans, and most importantly, Z protein aggregates are observed in livers of these mice, similar to that observed in PiZZ liver patients. In addition, as PiZ mice also express AAT from endogenous AAT (or protease inhibitor, Pi) genes, these mice do not have lung disease, making these mice a good model for the investigation of AATD liver disease.
12 Humans have only one functional AAT gene; mice have three to five AAT genes depending on strain background, possibly due to gene duplication events. Complete deletion of mouse AAT genes leads to embryonic lethality, an indication of the critical roles of AAT in early development in mouse. 15, 16 The pallid mouse harbors a naturally occurring mutation in the pallid gene, which in turn hinders the normal secretion of AAT and results in decreased circulating AAT levels. These mice display emphysema-like symptoms late in life in C57BL/6 background. 17, 18 However, circulating AAT levels in this model are reduced by only about 50% compared with those in wild-type mice. A mouse model that allows titration of AAT levels would provide a better understanding of AATD lung disease.
The antisense technology platform enables rapid identification of specific inhibitors of RNA expression of virtually any gene. 19 An antisense oligonucleotide (ASO) hybridizes to its complementary RNA target and typically triggers target cleavage by RNase H; degradation of the mRNA prevents production of disease-causing protein. In our recently published work, 20 we identified potent ASOs targeting human AAT. Systemic treatment of PiZ mice with AAT-ASO led to significant reductions in circulating levels of AAT and both soluble and aggregated AAT protein in the liver. As a result, AAT-ASO treatment prevents AATD liver disease in young PiZ mice, short-term treatment stops liver disease progression, and long-term treatment reverses disease. Furthermore, ASO treatment markedly decreased liver fibrosis in this mouse model. Administration of AAT-ASO in non-human primates led to reductions in circulating normal AAT of approximately 80%, demonstrating the potential utility of this approach in higher species. Antisense oligonucleotides thus represent a promising therapy for AATD liver disease.
Here we report that alternative polyadenylation of human AAT occurs in humans and in PiZ mice. AAT-ASO reduces both short and long hAAT transcript in vitro and in vivo. We also developed ASOs that reduce levels of the mouse AAT, which may be useful to create a new animal model for the investigation of AATD lung disease. 
Human AAT Transcripts are Alternatively Polyadenylated
Analysis of the human AAT gene sequence and expressed sequence tags (ESTs) revealed two potential polyadenylation sites (Fig. 1A) . Previous studies indicated that a short transcript (~1.4 kb) predominates in HepG2 cells. 21 To confirm this finding, ~60 ASOs targeting upstream and downstream of the first polyadenylation sites were synthesized and hAAT mRNA levels in ASOtreated HepG2 cells were measured using a primer probe set (5′ppset) that detects both long and short transcripts. ASOs targeting 5′ of the first poly A site were very active; while those targeting 3′ of the first polyadenylation site showed no activity (Fig. 1B) . When PCR primers detecting only the long transcript (3′ppset) were used in the analysis, both ASO3 (targeting 5′ of the first polyadenylation site) and ASO4 (targeting 3′ of the first polyadenylation site) resulted in similar reductions. However, when the levels of both long and short transcripts were measured using 5′ppset, ASO3 treatment caused ~80% target reduction, whereas ASO4 had no significant activity (Fig. 1C) . To further understand this phenomenon, we compared expression levels of hAAT detected by these two primer sets in human liver, HepG2 cells, and Hep3B cells. As shown in Table 1 , Ct values were consistently lower by 6-8 cycles when both transcripts were detected than when only the long transcript levels were evaluated. These data indicate that most transcripts present in human liver and HCC cell lines are processed at the first polyadenylation site. For subsequent ASO screens, we focused only on ASOs targeting both transcripts and identified potent compounds that display dose-dependent reduction of all AAT transcripts. 20 To determine whether alternative polyadenylation of human AAT also exists in PiZ mice and to confirm the effect of ASO treatment, we treated PiZ mice with 50 mg/kg/wk AAT-ASO2 20 via subcutaneous injection for 8 wk. Liver RNA was extracted and analyzed by northern blot with a probe recognizing both transcripts (Fig. 1A) . As shown in Figure 2A , both transcripts were detected in PiZ livers, and the short transcript was more abundant than the long transcript. After AAT-ASO2 treatment, levels of both transcripts were reduced significantly. Similar results using the 5′ppset were reported previously. 20 Moreover, ASO2 treatment resulted in a dramatic time-dependent protein reduction (Fig. 2B) , further confirming that both transcripts were almost completely eliminated.
A Potential Novel AATD Lung Disease Model
In order to establish a potential mouse model for the investigation of AATD lung disease, we developed ASOs targeting mouse AAT to reduce endogenous AAT levels, as observed in AATD lung patients. Unlike humans who have one AAT or SERPINA1 gene, mice contain 3-5 distinct protease inhibiting genes (SERPINA1A through SERPINA1E, referred to as mAAT as a family in this report), likely due to a gene duplication event.
22 mAAT genes share high sequence identity so ASOs targeting all 5 genes were designed and tested using qRT-PCR primers that also match all 5 genes (forward primer: 5′-TTCTGGCAGG CCTGTGTTG -3′; reverse primer: 5′-ATCCTTCTGG GAGGTGTCTG Figure 2 . aat-aSO2 treatment dramatically reduces both long and short transcripts in piZ mice. (A) northern blot analysis for hAAT in piZ mice with and without aat-aSO2 treatment. northern probe recognizes both transcripts. (B) time-dependent haat reduction in plasma. Six-week-old piZ mice were treated for 8 wk with 50 mg/kg aat-aSO2 via subcutaneous injection. Human AAT mrna levels in liver were quantified by qrt-pCr (taqman) using 5′ppset, and plasma aat levels were determined by an immunoturbidmetric method. results represent means ± standard deviations (n = 4). **P < 0.01 by two-way anOVa with Bonferroni's post-hoc tests.
TCT-3′; probe: 5′-CCCCAGCTTT CTGGCTGAGG ATGTTC-3′). Potent ASOs were identified through in vitro and in vivo screens, and one such compound (mAAT-ASO) was evaluated in CD-1 mice. Mice were treated with PBS or with 6.25, 12.5, 25, or 50 mg/kg per week mAAT-ASO for 6 wk by subcutaneous injection. Dose-dependent reduction in liver mRNA and plasma protein levels were observed with a good correlation (slope = 0.99 and R 2 = 0.96, Fig. 3A-C) . With mAAT-ASO treatment, AAT levels can be manipulated as desired; a low dose treatment would result in small reductions while a high dose treatment would dramatically reduce AAT from circulation (e.g., >92% reduction relative to wild-type levels in 100 mg/kg treatment group). These AAT levels could represent the different levels of AAT in AATD patient with various genetic mutations. 23 Plasma neutrophil elastase activity was evaluated in control and treated mice (using EnzChek Elastase Assay Kit from Molecular Probes). However, the levels of mouse plasma NE levels were below the limit the detection, even in mice with reduced mAAT levels. No gross abnormalities were observed in mice treated with mAAT-ASO. Lung morphology, examined microscopically, remained normal indicating that mAAT reduction in the short-term is well tolerated. Long-term mAAT reduction, possibly in combination with smoking, bleomycin, or in PiZ mice, may likely cause lung phenotypes that resemble AATD lung disease. NE activity can be evaluated before and after lung disease development in the lung where hyperactivity is expected. In addition, a short-term inflammatory stimulus, such as LPS exposure, could be used to evaluate neutroplilic inflammation 24 with mATT-ASO treatment.
Discussion
Fifty years after the discovery of AATD by Laurell and Eriksson, 5 tremendous progress has been made in the understanding of both emphysema and liver disease. [25] [26] [27] The lung manifestation of AATD can be treated by intravenous infusion of plasma-derived AAT, although a more convenient treatment is desired. Patients with AATD liver disease still have no treatment options other than liver transplantation. Substantial hurdles exist in the development of novel treatments for AATD liver disease and to improve existing therapies for AATD lung disease. The major hurdles include (1) under diagnosis of AATD, (2) presence of genetic and environmental modifiers that affect disease manifestation in AATD patients, and (3) poor understanding of the natural history especially for AATD liver disease.
2,10,27-29 Furthermore, many PiZZ patients live normal lives without any clinical manifestations of AATD. Hence, addressing these key hurdles will provide valuable information to help determine which patients should be treated with AAT-ASO to ameliorate liver disease and how lung disease should be monitored in a clinical trial setting where circulating mutant AAT levels would be further reduced.
The PiZ mutation is believed to have arisen about 2000 y ago in the Viking population. 30 PiZZ frequencies in US and in Europe are estimated to be about 1 in 2000 and 1 in 2500, respectively. Despite the multiple biomedical and genetic diagnostic tools available for AATD, it is still significantly under diagnosed. For example, only approximately 10% PiZZ liver patients in the US are diagnosed. 10 AATD liver disease affects both PiZZ children and adults. About 10% of PiZZ infants present neonatal jaundice and cholestasis with a subset progressing to advanced fibrosis or cirrhosis that requires liver transplant. Liver disease manifests as slowly progressive fibrosis in adults, associated with increased risk of cirrhosis and HCC. Over one third of adult PiZZ patients have cirrhosis at the time of death; however, most PiZZ patients have fairly normal liver function tests with no or minimal symptoms of liver disease. 28 Both genetic and environmental factors are believed to affect the onset, severity and likely progression of the disease, of which we still do not have a clear understanding. Furthermore, natural history information on AATD liver disease is extremely limited. 31 In order to define a clear clinical development path for any novel AATD liver disease therapy, including antisense therapy, both identifying the appropriate patient population and understanding the rate of disease progression are essential. In addition, improvement in biomarkers and noninvasive methods to monitor liver disease progression would be instrumental for successful future AATD liver disease clinical trials. Ongoing natural history studies in children (LOGIC, a longitudinal study of genetic causes of intrahepatic cholestasis, NCT00571272) and in adults (http://www.slu.edu/x68167.xml) will hopefully shed light on AATD liver disease prevalence, severity, and progression. These studies may also provide information on both genetic and environmental modifiers of the liver disease.
Augmentation therapy is available to AATD lung patients in many countries including the US, although a more efficacious and convenient therapy would be ideal. Partly due to the lack of an appropriate AATD lung disease model, limited efforts have been dedicated to the development of an improved therapy for AATD lung disease. Using an ASO targeting the endogenous mouse AAT genes, we demonstrated that the steady-state levels of mAAT can be titrated precisely. Reduction in levels of endogenous AAT in the short-term study (6 wk) did not cause any obvious lung abnormalities. As is observed in AATD patients, chronic mAAT reduction is likely required for lung disease development and smoking or other lung insults will potentially accelerate this process. 32 Furthermore, depletion of endogenous AAT in PiZ mice with mAAT-ASO treatment would provide an opportunity to investigate the role of Z protein aggregates in promoting lung disease. 33 In summary, we have developed potent ASOs for the inhibition of AAT. In PiZ mice, treatment with an ASO that targets the human AAT mRNA significantly ameliorated liver disease. 20 The ASO evaluated here that targets the mouse AAT can be used to reduce AAT levels in mice and could enable the creation of an AATD lung disease model (Fig. 4) . This work demonstrates that antisense technology can be employed to treat rare disease like AATD liver disease and also used as a research tool for the understanding of disease mechanisms. . antisense aSOs provide a novel therapy for aatD liver disease and a unique model for aatD lung disease. (A) haat-aSO treatment in piZ mice reduces mutant protein production and aggregation. this decreases er stress and ameliorates liver disease including cell death, fibrosis, and risk of HCC. (B) maat-aSO treatment can be used to model aatD lung disease. maat-aSO treatment reduces circulating aat levels and results in overactive elastase in the lung, which may lead to emphysema in the presence of other insults such as smoking.
